Introduction
Forensic science can be defined as the application of any form of science, in particular analytical chemistry, where 'the trace, which, by definition, is a pattern, a signal or material transferred during an event (often unknowingly by the actors of the event)' is analysed and accepted as a form of scientific evidence into a civil or criminal proceeding [1, 2] . It is for this reason that knowledge and technology obtained through a sound scientific method should not only meet good scientific practice, but should also comply with the rules of admissibility that are set forth by the relevant courts of law. Overall, science alone may not have the ability to provide definitive solutions, but it can offer increasingly accurate and objective information generating investigative leads, as well as assisting a judge/jury in determining the truth and allowing for justice to be achieved. It is for this reason that there is a necessity for continued scientific advancement with respect to forensic investigations.
For more than a century, fingerprint evidence was recognized as the gold standard in forensic science. It was in 1880 that Henry Faulds of Scotland published his seminal paper proposing the use of fingerprints to identify an individual and, in particular, suggested that the skin-ridge patterns could be used to connect an offender to a crime scene [3] . Simultaneously, another cost-effective, real-time detection tool that was being employed by law enforcement officials, owing to its reliability, versatility and speed, was the use of canines (Canis familiaris) [4] . The use of canines in criminal investigations dates as far back as the use of fingerprints. The English used bloodhounds while searching for Jack the Ripper in 1888 and in 1893 the state Supreme Court of Alabama (US) acknowledged that 'dogs may be trained to follow the tracks of a human being with considerable certainty & 2015 The Author(s) Published by the Royal Society. All rights reserved. and accuracy' [5] . The courts ruled that the testimony regarding the tracking performance of a canine can be presented to the jury, along with other evidence, as a means to connect the defendant to the crime. Since then, canines have been continuously employed for the detection of humans, drugs, explosives and human remains because of their high selectivity and sensitivity towards locating odours. While the canine's olfaction system is widely relied upon, the system itself is not completely understood, but it is known that, like humans, canines have receptor cells that can detect a compound(s), and olfactory nerves that carry the signals that are interpreted by the brain, allowing for the identity of the odourant to be determined [6] . Unlike humans, however, the canine olfactory system constitutes a much larger portion of its biology, with 50% of the internal nasal area containing olfactory sensory cells and nearly one-eighth of a canine's brain being dedicated to olfaction. While the average person has some 5 million olfactory sensory cells, common detection canines, such as German Shepherd dogs, have 220 million olfactory sensory cells, indicating that a canine's olfactory abilities are at least 44 times greater than that of humans [7] . Moreover, canines have approximately 1300 genes in their olfactory repertoire, which is nearly 20 times more than that of humans, providing them with the ability to be trained on various types of odours with a high degree of sensitivity and discriminating power [8] . Over the years, attempts have been made to develop various forms of technology and instrumentation for on-site detection and screening of VOCs, yet none to date has been capable of replicating the combination of selectivity, sensitivity and field versatility demonstrated by canines, which is why they are currently and widely recognized as the gold standard for the field detection of VOCs [6] . This paper highlights the advancements made in analytical chemistry, specifically focusing on the detection of VOCs released from different forensic specimens, the relevance of these specimens to canines and the increased application of odour as a form of forensic evidence.
Analytical techniques for the analysis of volatile organic compounds
The sensitivity reported for analytical instruments has improved dramatically in recent decades, as seen in figure 1:
limits of detection were reported at the nano-mole (10 29 )
level just two decades ago; today these values are at the yocto-mole (10 222 ) level [9] . In addition to increasingly lower detection limits, many of these instruments have rapid analysis times, and have become miniaturized and portable. These capabilities have not only allowed for the improved detection of trace evidence, but also have permitted the potential detection of residual odours associated with forensic specimens that have since been removed or are hidden from view. Prior to the development of these new instrumental methods, forensic-related VOCs were only detectable by trained canines, but now with these techniques, compounds of interest may be detected without or in conjunction with canine responses. Over the years, dozens of orthogonal detection techniques have been developed and deployed with a representation of some shown in figure 2 [10] . Of these instruments, ion mobility spectrometry (IMS) is by far the most widely used analytical instrument to detect forensic traces ( primarily drugs and explosives) in the field, with over 50 000 units installed and used globally [11] . IMS relies on the difference in movement (mobility) of ions under the influence of an applied electric field. The technique creates ions using radioactive isotopes, like that of 241 Am or 63 Ni, and as a result can operate under ambient conditions, eliminating the need for a vacuum as is found with other techniques, such as mass spectrometry [12] . This makes IMS inexpensive, relatively lightweight (a typical unit weighs approx. 45 pounds) and field portable [13] . However, low discrimination capabilities coupled with the inability to be used continuously (low duty cycles) have limited the use of IMS. Other techniques, including fluorescent detection and miniature mass spectrometry, have also been deployed. Fluorescent detection relies on the fact that specially designed fluorescent polymers are quenched when they combine with explosive compounds, a technique championed by Timothy Swager [14] . This has allowed for hand-held (weighing approx. 3 pounds), commercially available, off-the-shelf vapour devices that can be used for the detection of explosive materials. These fluorescent detectors are highly specific and sensitive, but suffer from over saturation of the detector causing low duty cycles and have a narrow list of compounds that they are able to detect. Mass spectrometry, on the other hand, does provide the specificity that IMS lacks and is able to detect a much wider variety of compounds than fluorescent detection. Although mass spectrometry does require sophisticated pumping mechanisms to provide vacuum, technology has advanced to the point where these devices are field transportable and are able to run on battery power [15] . These instruments often boast low detection limits, nano-gram to pico-gram range for some explosives for the miniature mass spectrometer and mid to low picogram range for the IMS and fluorescent detector; however, these instruments fall short in comparison with biological detectors such as canines, which are less expensive and have the dual ability to detect the odour and follow the odour plume to its source autonomously. This capability of canines saves valuable time in identifying clandestine threats, such as explosives, in locating narcotics that are hidden and in locating humans. The discriminating power of a canine is highly advantageous with the ability to be trained on numerous odours quickly and with a high degree of reliability, with typical correct responses generally greater than 90% and false alert rates below 10%, even in challenging environments with noisy chemical backgrounds [16] . Additionally, it has been demonstrated that canines, typically, do not respond to the target substance themselves, but rather to the odourants associated with the substance. This finding highlights the importance of investigating the VOCs released from forensic specimens and those odourants that elicit a canine alert [10, 17] . One of the most widely employed techniques used to identify and quantify VOCs in various areas of applied chemistry (e.g. environmental, food, personal care and forensic science) is solid-phase microextraction (SPME) as it encompasses several advantages, such as being non-exhaustive, relatively simple to use, portable, rapid and inexpensive [18] [19] [20] . Physically, it can best be described as a short, thin, fused silica solid, coated with a selective polymer, which ranges in thickness from 7 to 100 mm, and is protected by a metal sheath when not in use. SPME is generally used with separation methods including high performance liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS); however, the majority of studies, particularly in forensic science, have used gas chromatography-mass spectrometry (GC-MS) for the analysis of compounds that have sufficient volatility and thermal stability [18] .
Analysis of volatile organic compounds released from various types of forensic specimens (a) Narcotics
Research on the VOCs released from different types of illicit materials has revealed that the liberated compounds often differ from the target substance itself [10, 21] . For instance, studies performed on cocaine found that methyl benzoate, a by-product of cocaine, was the active odourant (the VOC causing the canine to alert) and may be used as a reliable indicator for the presence of cocaine (figure 3) [17] . In recent decades, numerous reports have demonstrated that the majority of paper currency in circulation throughout the world is contaminated with microscopic traces of cocaine typically in the microgram range. One such study reported that most currency in circulation in the USA was contaminated with, on average, 14.5 mg of cocaine owing to its association with drug trafficking [22] . This finding led to the questioncould a narcotics detection canine positively alert to the amount of cocaine found on circulated currency? Studies demonstrated that the levels of cocaine and methyl benzoate present on circulated currency were not likely to elicit a response from a narcotics detection canine. This is because it was discovered that in order to obtain a positive response from a majority of narcotics detection canines, microgram levels of methyl benzoate needed to be present on the surface of the currency, or emanating at a nano-gram level [21] . Instances in which currency elicited a positive canine alert have been presented in several different US courts as a form of corroborating evidence that the currency in question was likely to be associated with illicit drugs [23] . Figure 4 shows the reported levels of cocaine typically found on the surface of US currency, as well as the total amount of cocaine present. Additionally, the levels of methyl benzoate needed to elicit a positive alert by narcotics detection canines are also presented [21] .
Upon identifying the active odourant of a forensic specimen, it is important to determine if these compounds are present, to any significant extent, in the environment. In a recent US Supreme Court case, State of Florida v. Jardines, the issue of the cocaine odourant, methyl benzoate, also being reported in other substances was raised. In this case, the police received an anonymous tip that marijuana was being grown at the residence of Mr Joelis Jardines. A detective arrived to the scene with his narcotic detection canine which alerted at the base of Jardines' front door. As a result of the canine alert, a search warrant was obtained and upon searching the residence, 179 marijuana plants were discovered. Following the arrest, the defense sought to suppress the evidence seized from the residence, claiming that the use of a detection canine at the doorstep of a private residence is an illegal search and a violation of the Fourth Amendment of the US Constitution, which prohibits unlawful search and seizure [24, 25] . An amici curiae brief stated that as canines are scientifically proven to alert to an active signature odour of the contraband and not the contraband itself, a canine's accuracy should be called into question because certain active odours were found in common household items. Specifically, methyl benzoate, the active odour of cocaine, has been reported to be a major VOC produced by snapdragon flowers (Antirrhinums) [26, 27] . A recent study was performed to determine if flowers containing methyl benzoate could elicit a positive response from narcotics detection canines. Four types of snapdragon flowers were grown and tested using headspace SPME/GC-MS, and their odour profiles were determined at various stages of the plant's life cycle. The results revealed that, overall, the early stages of the plant's life cycle produced a greater abundance of methyl benzoate, but it was also discovered that other compounds contributed more to the snapdragon's signature odour profile than did methyl benzoate, as seen in figure 5 . Additionally, two types of canine trials were performed to determine if the snapdragon flowers would elicit a response from specially trained narcotics detection canines. The flowers represented 1 mg of methyl benzoate, an amount that was determined to be well above the cited detection limit of specially trained canines for methyl benzoate [21] . For the second trial, a single blind test was performed by hiding cut snapdragon flowers, a soil sample (blank) and 15-20 g of cocaine (a positive control). Multiple runs, with 20 canines, were performed and it was discovered that none of the snapdragon flowers (potted and cut) elicited a canine response, whereas they all alerted to the positive control [28] .
The capabilities of narcotic detection canines were also brought into question in the US Supreme Court case the State of Florida v. Harris [29] . This case involved a detection canine that positively alerted to Clayton Harris' vehicle, providing officers with probable cause to perform a search. Harris was subsequently arrested for possession of ingredients to make methamphetamine after it was discovered in his car during the search. The defense moved to suppress the seized evidence on the grounds that the canine was 'insufficiently reliable to provide a basis for probable cause to search the vehicle' [30] .
The judgement was later reversed by the US Supreme Court. Justice Kagan delivered the opinion for the unanimous court, citing the Scientific Working Group on Dog and Orthogonal Detector Guidelines (SWGDOG), in which she stated 'the better measure of a dog's reliability thus comes away from the field, in controlled testing environments [3] . For that reason, evidence of a dog's satisfactory performance in a certification or training program can itself provide sufficient reason to trust his alert. If a bona fide organization has certified a dog after testing his reliability in a controlled setting . . . the dog's alert provides probable cause to search, using a totality-of-the-circumstances' [29] . In the case of Harris, the reliability that stems from a bona fide organization is also addressed on multiple levels, local, state and federal, to ensure that such evidence is trustworthy and compliant. Therefore, to improve and maintain the performance of detection canines and by extension the reliability of any evidence that is discovered, it is important that consistent protocols are followed and that proper training aids be used.
To improve the reliability of canines in the field and their acceptance in the courts, researchers have been conducting studies focused on improving the availability of reliable canine training aids including developing odour mimics. These odour mimics can allow for training to be performed with non-controlled materials instead of the actual illicit substances [31] [32] [33] . The need to possess actual illicit substances can be challenging for some trainers/organizations in order to adhere to various licensing and regulatory guidelines required to maintain possession of these controlled substances. Liability issues may also arise if these substances are misplaced and/or damaged during routine training. By identifying the active odourant of a target substance, mimics can be created which can reduce these restrictions.
Identification of active odourant(s) is a critical step in creating non-controlled odour mimics, and also important for field deployment is the ability to have these training aid mimics to release a consistent and known amount of the active odour over an extended period of time. A technology, known as Controlled Odor Mimic Permeation Systems (COMPS) contains the active odourant stored within a permeable, polymer bag allowing for the active odour to permeate at a controlled rate, making the delivery system more reliable and reproducible than traditional training aids [34, 35] . Additionally, COMPS is field rugged and can be used repeatedly with minimal degradation, eliminating the restrictions and liability issues associated with using real, controlled canine training aids. Moreover, the dissipation rate of an active odourant can be manipulated by changing parameters, such as the type of polymer bag used and/or the polymer thickness. Macias et al. [32] employed COMPS when assessing the canine detectability and threshold of piperonal, the active odourant of 3,4-methylenedioxy-N-methylamphetamine (MDMA or ecstasy). To determine if a canine will alert to the illicit substance, un-trained (green) canines were imprinted with piperonal and then evaluated using the actual illicit material (MDMA). During the course of the training, which took place twice a day for 5-15 days, the canines were not exposed to any form of MDMA samples, solely the piperonal COMPS. The evaluation of the green canines (n ¼ 24) was performed using a double--blind line-up consisting of a 25 g blank sample, 50 g piperonal COMPS and 25-35 g MDMA training aid (ecstasy tablets). Their results revealed that 100% of the canines alerted to the COMPS and 96% alerted to the MDMA sample, with one canine not providing a positive alert but showing a heightened interest. Additionally, the authors stated that different batches of MDMA contain varying concentrations of the active ingredient which in turn can reduce the concentration of the active odourant. This highlights the importance of continuous research on the VOCs released from illicit substances, as the producers of these substances may use new approaches to synthesize a particular drug and thus different by-products may be produced resulting in potentially new odourants that may be detectable by narcotic detection canines.
(b) Explosives
With their versatility and sensitivity, explosive-detection canines are employed by civilian, law enforcement and military personnel to locate and alert to the presence of explosives. With the threat of serious injury or death, it is critical that explosive detection canines reliably train on a wide representation of both low and high explosives [36] [37] [38] [39] . Headspace SPME was performed at different position placements on different types of explosives, and the results (figure 6) revealed that the odourant, 2,4-dinitrotoluene (DNT) was present in both 2,4,6-trinitrotoluene (TNT; high explosive) and doublebased smokeless powders (low explosive) [40] . Furthermore, Harper et al. [36] . found that it may not be required for explosive detection canines to be trained on numerous cast and polymer based explosives, as there were common odourants present in a majority of the samples evaluated. Twenty-one different explosive materials evaluated revealed that there were three common VOCs: DNT, trinitroglycerine (NG) and 2-ethyl-1-hexanol (2E1H), with DNT being the common odourant in all the explosives sampled ( figure 6 ). Similar analysis of a wide variety of explosive types resulted in the development of a six-member prototype training aid kit consisting of COMPS for 'plasticized, TNT-based, nitroglycerine-based, and tagged explosives, as well as for smokeless powders' [40, 41] . This kit differed from others in that the substances used for the COMPS were safe to handle and could reduce the number of odours an explosive detection canine needed to be trained on. Canine field trials were performed to assess the validity of the explosives training aid kit; the results showed that the canines produced a combined rate of detection of more than 93.5%, exceeding the typically recommended best practice combined rate of more than 90% [40] .
(c) Human scent
The demonstrated capabilities of canines to differentiate and trail specific individuals have guided laboratory based experiments to determine the chemical makeup of human scent and to evaluate the VOCs released from individuals in an attempt to evaluate human scent as a potential biometric tool. In forensic science, human scent can be used to differentiate individuals or it can be used to associate an individual to a particular location or object. Challenges in collecting, preserving and evaluating human scent evidence have been described in a recent book that includes the operating procedures for human scent evidence and best practice guidelines that have been developed [42] . Recently, human scent evidence was challenged in the United States of America v. Wade, a 2007 case involving the death of Alaska resident Mindy Schloss. During the course of the investigation, scent evidence was collected from Schloss' abandoned vehicle using the Scent Transfer Unit 100 (STU-100), a non-contact, dynamic airflow device that permits the collection of scent onto an absorbent material, as seen in figure 7a. Scent evidence can still be collected even when little to no other physical trace evidence is present. By using a non-contact device, such as the STU-100 or the Human Scent Collection System (HSCS; figure 7b), scent can be collected without disturbing or destroying any other potential evidence that may be present, making it useful in forensic investigations [43] . In the Schloss case, the scent that was collected using the STU-100 was subsequently presented to human scent discriminating canines, and they were able to track the scent from Schloss' vehicle to two automatic teller machines (ATMs) and then to the side door of her neighbour, Joshua A. Wade. The specially trained canines that were employed 'corroborated a substantial amount of the investigation's findings and further buttressed the evidence linking Wade to Schloss' [44] . During trial, the defense challenged the admissibility of the human scent evidence, but nevertheless the federal court judge ruled that the canine trailing evidence was 'based on scientifically valid principles', and therefore admissible into US federal court of law-setting a precedent for human scent evidence in US courts [45] . In 2010, Wade confirmed that the canine trails identified were indeed paths that he had taken and pleaded guilty. The Wade case highlights the significance of human scent evidence and its importance to forensic investigations. In recent years, various studies have explored the VOCs that comprise human scent and found that the number and abundance of the different compounds that were identified were sufficient to statistically distinguish one individual from another [46] [47] [48] . These studies provide a scientific foundation in support of a canine's capability in following the path of individuals based upon the specific scent trails that they leave behind. During the course of these studies, scent was collected onto absorbent materials that were placed in between the palms of the hands. This location of the body was sampled because it is the area most frequently used to perpetrate criminal activities. Additionally, research was also performed on the scent collected from other external body locations, as well as from various biological specimens, such as fingernails, hair, saliva, breath, blood and urine, to determine if the VOCs liberated from these locations/materials could also be used to differentiate individuals. The results showed discriminating powers, within a single-specimen type, of more than 98.9% of the individuals being distinguishable [49] . The ability for canines to differentiate between identical twins was explored by Hepper & Wells [50] , as well as Harvey et al. [51] . It was discovered that the canines were able to differentiate between fraternal twins, but experienced difficulty in differentiating between identical twins unless their environments differed. Hudson [52] explored the VOCs that comprised the human scent collected from the palms of the hands of co-habiting identical and fraternal twins. It was revealed that the VOCs were most similar for co-habiting identical twins with a Bray-Curtis similarity of more than 86%, while cohabiting fraternal twins had a 67% similarity. Although this study was performed on twins exposed to the same environmental factors, differences in the VOCs present were still observed for identical twins (figure 8). The high similarity of the type and abundance of VOCs identified for identical twins, as well as the differences in the VOCs that were identified for the fraternal twins corroborate the previous canine differentiation studies demonstrating that identical twins can be differentiated based on human scent.
Another key aspect surrounding the exploration of human scent as forensic evidence is survivability. Using peroxidebased explosives, as well as simulated roadside improvised explosive devices (IEDs), Curran et al. [53] evaluated whether human scent can withstand the extreme conditions that arise from an explosive device. Prior to detonating the peroxidebased car bomb, as well as the simulated roadside IED, the devices were placed in contact with a human target. Thereafter, the devices were placed in their corresponding locations and the human targets walked approximately 0.5 miles away from the blast zone. After detonation, human scent from the postblast debris was collected onto an absorbent material using the STU-100 and subsequently presented to human scent discriminating canines ( figure 9) . The results showed that these specially trained canines had an overall average success rate of 73.5% to locate, as well as identify, the human targets that came into contact with the explosive devices prior to detonation. In addition, the canines did not identify the decoy individuals that were in the same areas as the targets. This study demonstrated that even after being subjected to extreme heat and mechanical stresses, human scent can still provide useable investigative, as well as identifying information. Another form of scent evidence that can be used to provide investigative leads is the odour released from decomposing human remains, which can be detected by human remains detection (HRD) canines. While there are established guidelines for the use of HRD canines, demonstrating their ability to be trained with a high degree of reliability, the instrumental detection of characteristic human decompositional VOCs has been more problematic owing to the similarities that exist between human and non-human decompositional compounds, which are dependent upon the stage of death. The issue of which compounds constitute the scent of death came into question in the high profile capital murder trial The State of Florida vs. Casey Marie Anthony [54] . This case garnered extensive media coverage due to the heinous nature of the crime with a mother charged with premeditated murder of her child. In July 2008, after not seeing her granddaughter, Caylee Anthony, for over 30 days, Cindy Anthony called local authorities to report her missing. As part of the investigation, two HRD canines alerted to Casey Anthony's vehicle [55] . Evidence from the trunk of the vehicle was collected and analysed to determine if compounds that comprise the odour of human decomposition were present. During the trial, evidence pertaining to the VOCs that comprise the scent of death, which focused on five compounds (carbon tetrachloride, chloroform, dimethyl disulfide, dimethyl trisulfide and carbon disulfide), was admitted as evidence, but challenged in court owing to the limited corroborating scientific studies, as well as a lack of known error rates for the method employed. The reliability of human decomposition odour analysed by instrumental methods as a form of forensic evidence remains a challenge and numerous groups around the world continue to study the VOCs released from decomposing remains using both human remains and human cadaver analogues [56] [57] [58] [59] . One of the most significant challenges of identifying the scent of death is that decomposition is not a sole event, but rather a process in which upon death the remains will transition through different phases, which may consist of fresh, early/bloat, active decay, advanced decay and, depending upon the environmental conditions, can progress to either mummification or skeletonization [56] . A recent study, using a murine model (a human cadaver analogue), set out to assess the VOCs that were released during each stage of decomposition [60] . Five freshly killed mice were placed on their backs in a specially designed housing and sampling chamber, to ensure that the remains were exposed to the same environmental conditions, and then placed out into the field. Eighteen VOCs, consisting of various chemical functional groups, were identified. Butanoic acid, 3-methyl butanoic acid, pentanoic acid, hexanoic acid and indole were present at each sampling period. Interestingly, each mouse decomposed differently, although they were fed the same diet, housed in the same environment and euthanized at the same time. Principal components analysis (PCA) was performed on the normalized data that was collected during the course of the study for each mouse. A plot of the first three principal components showed that through the evaluation of the VOCs released during the decomposition process, each stage from fresh to advanced decay was discernible, as seen in figure 10 .
To obtain a human sampling population to assess the VOCs released as the remains decompose is quite challenging because of ethical concerns and legal constraints. Nevertheless, some studies have been performed on human remains and analogues that were exposed to outdoor environmental conditions which can modify the manner in which the remains decompose, as well as the type of VOCs released, reporting reported numbers of compounds from various chemical functional groups [57, 58, 61] . A recent study conducted by DeGreeff & Furton [62] used the STU-100 (figure 7a) to collect decomposition odour from 27 deceased individuals, who were in early to mid-stage decomposition, from two different locations, a crematorium and a morgue. Comparing the odours collected from both locations, the authors discovered twelve common VOCs determined to be significant to the odour profile of human remains. In the same study, a comparison of the VOCs present in both living and deceased individuals was Figure 9 . Survivability of human scent after detonation of a peroxide-based explosive, as well as improvised explosive device (IED) [53] . (Online version in colour.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140262 performed and some common compounds were present, with a greater number of VOCs identified from human remains. Additionally, with the human scent collected from living individuals, inter-subject differences were observed; however, the same could not be said with the odour collected from the deceased remains, as there was less variation between subjects signifying a more generalized odour. In another study conducted by DeGreeff et al. [31] , the authors sought to create training aids for HRD canines that were non-hazardous and relatively simple to obtain. Using the STU-100, decomposition odour was collected onto an absorbent material from freshly deceased and cremated human remains, fresh canine and chicken remains, and other remains, such as decomposition fluid, adipocere or blood, that were previously stored at below freezing temperatures. Upon scent collection, each absorbent material was placed into a COMPS and sealed. The COMPS were later evaluated using HRD canines. At the time of assessment, the COMPS was removed from the sealed bag and placed into glass jars that contained a perforated lid so that the canines were able to sniff the odour. Three positive controls, as well as a blank collected with the STU-100 were also incorporated. After performing the canine field trials with the newly developed training aids, the authors found that nearly 90% of the canines that were evaluated alerted correctly to the COMPS containing the odour of interest, revealing its potential for field use.
The development of a universal detector calibrant
While detection canines have proven to be valuable in the field, there are limited practices that can be used to determine whether a detection canine is working and able to search at a reliable standard each day. For electronic based analytical instruments, performing diagnostics, tuning and calibrations ensure that an analytical technique is in proper working order and will produce reliable results. For canine detection, however, such calibration practices are generally not available, and therefore their reliability for detection may be challenged in a court of law. This limitation led to the development of a universal detector calibrant (UDC) [63] . The UDC is a training device developed for use with canines to gauge their olfactory capabilities. The UDC contains an odour that is unlikely to be found in the natural environment. By using this device, the canine handler is able to produce documentation showing that the detection canine was working within acceptable limits when particular tests or field deployments were completed, allowing the detection canine to be as objective and reliable as a laboratory instrument. To determine the odour that would be most suitable for the UDC, several compounds were evaluated using specific selection criteria, as seen in figure 11 [40] . One such compound, 1-bromooctane, meets the selection requirements and can be used as both a biological and instrumental calibrant [40] . Ideally, the UDC should meet the following parameters: have thermal stability, low chemical reactivity and a long half-life, be scarce in the environment, safe for handling, readily available and volatile ( figure 11 ). Wider deployment of a UDC can allow for the critical evaluation of both canines and electronic sensors including comparing detection limits of either in a given scenario. Ongoing research has found that daily implementation of the UDC into the normal working parameters of canines does not result in an alteration of the canines' capabilities to locate their target odours and the canines can easily locate the UDC. The handlers tested during the study collectively agreed that a calibration compound which is a non-target odour (i.e., not a compound to which the canine is trained to detect) for all detection canines would be a useful tool to aid in determining the accuracy of the canine and were willing to use the calibration compound each working day on a daily basis as they believed it would strengthen their deployment records in court [40] . The development and subsequent use of the UDC allows for detection canines across all sub-disciplines to be compared objectively with respect to their olfactory capabilities.
Advances in canine detection best practice guidelines
When odour as evidence is challenged in courts of law, it is often due to the lack of known error rates and a lack of consensus-based best practice guidelines being available and followed to ensure reliability. In the case of the People v. Salcido [64] , it was the court's opinion that scent evidence presented to canines was admissible in court, with corroboration, if the person performing the technique used the correct scientific procedures, the training and experience of the canine and handler proved to be proficient, and the methods used by the handler in the case were reliable. In determining the reliability of a detection canine, US courts are asking increasingly for the procedures that were followed and the outcomes, specifically how the guidelines were developed and field performance, including percentages of correct detections and percentages of false identifications. [16] . The SWGDOG Best Practice Guidelines are consensus-based best practice guidelines covering terminology, general guidelines, selection of serviceable dogs, kennelling and healthcare, selection of handlers, canine career field progression system, presentation of evidence in court, research and technology, substance dogs (accelerants, agriculture, contraband, explosives, human remains, narcotics, pests and insects) and scent dogs (article search, avalanche search, location checks, non-specific human scent wilderness area search, pre-scented canine aged trail, scent identification line-ups, searching for live people in disaster environments, track/trail people based on last known position). From 2014 to present, the National Commission on Forensic Sciences led by the National Institute of Forensic Science (NIST) has established the Organization of Scientific Area Commissions (OSAC) including a subcommittee on dogs and sensors. This new commission's mission includes the development of standards and guidelines to improve quality and consistency of work within the forensic science community including the use of dogs and sensors, focusing on standards and guidelines related to the improvement of the consistency and performance of deployed canine/handler teams and optimization of their combination with electronic detection devices.
Conclusion
Advances in the analytical forensic sciences have resulted in increasingly lower detection limits, more rapid analysis and greater portability of detection devices. These increased capabilities allow for the improved location of trace evidence but Figure 11 . Required properties of a universal detector calibrant [40] . (Online version in colour.)
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140262 also the detection of the odours associated with forensic traces even if the evidence has been removed. While instruments have improved significantly over the years, in most cases the detection capabilities of canines have still been demonstrated to be superior to electronic sensors for detecting forensic odours. However, there are still significant challenges in reliably detecting transient odour compounds and the probative value of this information in courts of law. Presently, and for the foreseeable future, biological detectors, primarily canines, are likely to continue to be superior to electronic sensors for odour detection, but their overall reliability and probative value must continue to be critically evaluated for acceptance as forensic evidence in courts. The development of calibration aids for canines and sensors will allow for the quantification of odours as evidence, providing a better understanding of the significance of this type of forensic evidence. The continued critical evaluation of the reliability and significance of canine detection methods employed in forensic science will assist in the refinement of these detection methods and their appropriate application. The continued development and adoption of best practice guidelines for canines should continue to improve their reliability, increase adoption of these methods, and expand the use of odour as forensic evidence. Recent advances in the development of best practice guidelines include the SWGDOG guidelines, developed in the past decade, and the planned refinement and dissemination of such guidelines through the OSAC. The research studies presented and casework applications highlighted in this paper illustrate that odour can be a useful piece of scientific evidence for forensic cases associating a suspect's items, such as currency to illicit drug activity, the scent of death to a suspect's possessions or to a location through the matching of the suspect's human scent by trained canines. In this paper, examples were presented demonstrating that scent can be valuable as forensic evidence detected by canines in the areas of drugs, explosives, human remains and live human scent. As the reliability of canines continues to improve, coupled with improved sampling methods, such as noncontact sampling devices, as well as improved availability of calibration aids, and as standardized practices are more widely used, the use of scent as evidence in forensic science has the potential to significantly expand in the coming years.
